Abstract: A near-infrared (NIR) multichannel filter based on the use of a finite 1-D semiconductor metamaterial (MTM) photonic crystal (PC) is proposed. We consider a PC air=ðABÞ N =air, where N is the stack number, A is a dielectric layer, and B is a semiconductor MTM made of Al-doped ZnO (AZO) and ZnO. Resonant transmission peaks can be found in the frequency region where the permittivity of AZO/ZnO is negative. It is found that the channel number is equal to N À 1 for a given N and that resonant channels are located in a passband of the photonic band structure. Additionally, the channel positions are tunable, i.e., they can be tuned by the thicknesses of A and B, the filling factor of AZO, and the incidence angle as well. The design of NIR tunable multichannel filter is of technical use for semiconductor optoelectronics.
Introduction
One of the familiar applications of a photonic crystal (PC) is the design of optical filter [1] . The common design principle is to add a defect layer D into the PC ðABÞ N such that the structure is ðABÞ N =D=ðABÞ N . Due to the translational symmetry broken, a defect mode, which is usually represented by a transmission peak, is produced within the photonic band gap (PBG) in the frequency (or wavelength) domain. The defect mode is analogous to the impurity mode in a doped semiconductor. A filter constructed by a defective PC is known as a multilayer Fabry-Pérot resonator (FPR) [2] . In this filter, the number of transmission peaks can generally be increased by increasing the thickness of the defect layer [3] , [4] .
In general, the channel number for a multilayer FPR is quite limited when the thickness of the defect layer is fixed. In order to pronouncedly increase the channel number and, hence, the spectral efficiency, a photonic quantum well (PQW) structure was proposed by Qiao et al. [5] . In a PQW structure, the single defect layer is replaced by another PC of ðCDÞ M , i.e., the structure is ðABÞ N =ðCDÞ M =ðABÞ N , where M is the stack number of the PQW. With a suitable design rule, multiple transmission peaks can be obtained due to the photonic confined effect. Thus, a multichannel filter with channel number M is achieved.
In addition to the aforementioned design methods, there is another one for the design of a PC-based multichannel filter. In this method, without introduction a defect layer in the PC, photonic-crystal multichannel filter is achievable based on the use of a finite PC of ðABÞ N [6]- [9] . The fundamental difference between this and the above defect methods is that the multiple transmission peaks are located in the passband instead of the PBG. In [6] , a multichannel filter is operated in the terahertz (THz) region for a superconductor-dielectric PC. In [7] , a filter with multiple channels can also be obtained by using a single-negative PC. In [8] , the dielectricdielectric PC is used under oblique incidence to investigate the multiple-filtering property. Recently, using ferroelectric-dielectric PC, a multichannel filter at microwave frequency can be achieved [9] .
The purpose of this paper is to analyze the multiple transmission properties in a semiconductor metamaterial (MTM) PC. Here, the semiconductor MTM will be the one reported by Naik et al. [10] . It is formed by depositing 16 alternating layers of Al-doped ZnO (AZO) and ZnO, each about 60 nm thick in one period, on a silicon substrate [10] , [11] . This semiconductor metamaterial, AZO/ZnO, can be operated in near infrared (NIR) region. It also has two important features. One is that it belongs to an epsilon-negative (ENG) material. The other is that its permittivity function is anisotropic [11] . With these two novel features, it is worthwhile to study the multichannel filter is such a PC.
Basic Equations
The considered PC structure is air=ðABÞ N =air, as shown in Fig. 1 , in which A is a usual dielectric material and B is a semiconductor metamaterial AZO/ZnO. The corresponding thicknesses are denoted by d A and d B , respectively. The optical properties in a layered structure are determined by the permittivity functions of both layers A and B. Thus, let us first brief describe the permittivity function of AZO/ZnO. The permittivity is anisotropic expressed as [11] " B ¼ where " p and " v are, respectively, the parallel and perpendicular components related to the permittivity functions of both constituents of AZO and ZnO. The permittivity function of AZO can be described by the combination of Drude and Lorentz model. As for that of ZnO, it can be expressed as a Lorentz type. Here, we denote the permittivities of AZO and ZnO as " a and " b , respectively. In addition, the corresponding thicknesses are d a and d b , respectively. Then, the permittivity function of AZO is expressible as [11] 
where the Lorentz part is given by
and the Drude part is
The permittivity functions " p and " v in (1) are expressed as
and
where h is the filling factor of AZO, namely
where
In the analysis that follows we shall use the wavelength-dependent transmittance calculated by the transfer matrix method (TMM) [12] . According to TMM, the total transfer matrix is given by
Here, k Az ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi ffi
, and q A is polarization-dependent, i.e.,
In addition, for layer B, the anisotropic feature gives two different expressions for k Bz and q B , namely
where k 0 ¼ 2= is the vacuum wave number, and k x ¼ k 0 sin 0 . The transmittance is then determined by
Numerical Results and Discussion
The material parameters used for AZO/ZnO in (2)- (7) are f ap1 ¼ 180 THz, f ap2 ¼ 150 THz, f ao1 ¼ 180 THz, and " b ¼ 4 [11] . Shown in Fig. 2 are " p (blue) and " v (red) in (5) and (6) for different filling factors of AZO, h ¼ 7=12, 2/3, 3/4, and 5/6, respectively. In the NIR region, both " p and " v are decreasing functions of the wavelength. With the increase of h, " p is decreasing while " v is increasing. There are three regions separated by two cutoff wavelengths c;L and c;H (shown by two vertical broken lines). Region I is defined at G c;L , " p > 0 and " v > 0. Region II is located at c;L c;H , " p > 0 and " v G 0. Region III is at > c;H , " p G 0 and " v G 0. In the following calculation, we shall limit our interest in the region III for the analysis of transmission properties for PC ðABÞ N . Fig. 2 illustrates that AZO/ZnO can be regarded as an epsilon-negative (ENG) medium. Negative permittivity implies that there will be no electromagnetic propagation modes because waves are evanescent. However, electromagnetic wave can indeed propagate through the finite PC, as will be seen later.
Let us now investigate the transmittance spectrum for the finite PC of air=ðABÞ N =air. Results for different numbers of periods N ¼ 2, 3, 4, 5, and 6 are plotted in Fig. 3 . Here, we have taken The result of multiple transmission peaks in Fig. 3 reveals that the peaks should pile together to form a region of passband when N is large enough. This can be verified by plotting the photonic band structure (PBS) as illustrated in Fig. 4 . The PBS can be computed by the following equation [12] :
where K ¼ ReðK Þ À jImðK Þ is the Bloch wave number, and
The calculated PBS is shown in Fig. 4(a) , where we have used the same material parameters in 1-3 mm. The locations in Fig. 3 are found to correspond to the passband near 2.6 m, as indicated by a black arrow and replotted in Fig. 4(b) . It is of interest to see that the multiple increases. The peak heights are nearly unchanged as a function of d B . The results in Fig. 5 indicate that the thickness of AZO/ZnO plays a crucial role in determining the shape of the transmission peaks in a finite PC. We now study the effect of dielectric thickness on the transmission peaks. In Fig. 6 , we plot the transmittance spectra at different dielectric thicknesses d A ¼ 0:2, 0.3, 0.4, and 0.5 m at dB ¼ 0:5 m, and h ¼ 5=6. In Fig. 6(a) , N ¼ 2, we see that the peak is red-shifted as a function of d A . The peak shape is also narrowed as d A increases. For N ¼ 3, Fig. 6(b) shows that the two peaks are also red-shifted as d B increases. In addition, the spacing between two peaks is decreased in a thicker dielectric layer. It is known that, in general, the increase of dielectric thickness yields an increase of the optical length and, thus, an increase in the wavelength of resonant peak, as illustrated in (a) and (b). The results shown in Fig. 6 indicate an apparent tunable feature can be obtained by the variation of the dielectric thickness. We continue to investigate the effect of filling effect on the transmission peaks. In Fig. 7 , we have plotted the transmittance spectra at N ¼ 2 (a) and 3 (b) for different filling factor h ¼ 7=12, 2/3, 3/4, and 5/6, respectively. Here, the material parameters are used the same as above figure except the filling factor. For N ¼ 2, we see that the peak wavelength is blue-shifted when the filling factor increases. The peak shape is narrowed as h increases. However, the peak height is nearly unchanged. Similar behavior is also seen for the case of N ¼ 3. The peak wavelengths of both peaks are also blue-shifted at a higher filling factor. The shapes of both peaks are narrowed as h increases. In addition, the spacing between two peaks is decreased as a function of the filling factor. The analysis thus far is limited to the case of normal incidence. We finally investigate the dependence of transmission peaks on the angle of incidence. In the oblique incidence, two polarizations, TE and TM waves, are considered. The results of TE wave for N ¼ 2 (a) and 3 (b) are depicted in Fig. 8 . For N ¼ 2, the single peak is shifted to the short wavelength as the angle of incidence increases. For N ¼ 3, the two peaks are also blue-shifted at a large angle of incidence. As for the TM wave, we also plotted the results for N ¼ 2 (a) and 3 (b) in Fig. 9 . Similar shifting behavior is also seen for the case of TM wave. However, the shifting behaviors are not salient, as in the TE wave shown in Fig. 8. 
Conclusion
We have analyzed the phenomenon of multiple transmission peaks in a one-dimensional finite semiconductor MTM photonic crystal in the NIR region. This phenomenon can be seen when the permittivity of AZO/ZnO is negative. Based on the aforementioned numerical results, we can draw the following conclusions. First, the number of resonant peaks equals the number of periods minus one. The locations of such peaks are proved to be at a passband of the photonic band structure for the corresponding infinite PC. This is in sharp contrast to the usual filter design based on engineering the photonic band gap. Second, the positions of peaks can be tuned by the thicknesses of both A and B, as well as the filling factor. Third, the peaks are also sensitive to the angle of incidence for both TE and TM waves. The above features enable us to design a tunable NIR multichannel filter in such a PC. A filter with tuning and multichannel could be of technical use in the applications of semiconductor optoelectronics, especially in optical communications.
